The performances of plane spiral orbital angular moment (OAM)-based MIMO (PSOAM-MIMO) systems are investigated in a non-line-of-sight (NLoS) channel. Two analytical models, known as specular reflection model and circular scattering model, are applied to evaluate the reflection and scattering effects of wave propagating in the NLoS channels. The performances of the PSOAM-MIMO system in the NLoS channel are compared with those of the conventional MIMO system and in LoS channel. It is found that the capacity gain of the PSOAM-MIMO over MIMO is mainly determined by a direct path. In the NLoS channel, the capacity gain of PSOAM-MIMO over MIMO decreases compared with that in LoS, however, the multi-path effects improve the absolute capacity of PSOAM-MIMO system, and the worst case are comparable with those in an MIMO system. As a result, the PSOAM-MIMO system demonstrates the strong robustness in wireless communications.
I. INTRODUCTION
Orbital angular momentum (OAM) of electromagnetic waves has drawn much attention in recent years [1] - [3] . Different from spin angular momentum (SAM) which has only two orthogonal states [4] , the OAM has an infinite number of eigen-modes, and has been proposed as a new degree of freedom for multiplexing [5] . Utilizing different OAM modes to encode multiple channels at the same frequency can be regarded as an implementation of space division multiplexing due to their spatial phase distributions of exp(-jlφ), where l is the OAM mode number and φ the azimuthal angle. Theoretically, the OAM-carrying beams with different modes are mutually orthogonal and can be ideally utilized in the mode division multiplexing (MDM) system. However, in a practical situation, the constraints of transmitting or receiving aperture compromise the orthogonality. A coaxially transmitted OAM multiplexing system is regarded as one subset of a conventional multi-input-multi-output (MIMO) system [6] , [7] . For such OAM-MDM system, we have ever demonstrated the lower receiver computational complexity compared with the conventional MIMO system [8] . In addition, by combining OAM with MIMO technique, we have proposed an OAM based MIMO (OAM-MIMO) system in which the OAM antennas are used as the independent elements in a transmitting uniform line array (ULA), and found that this OAM-MIMO system could achieve a higher capacity than a conventional ULA MIMO system. In this case, the diversity of OAM waves is used instead of spatial orthogonality [9] . This kind of OAM-MIMO system can be viewed equivalent to a conventional MIMO system with an increased element spacing due to the OAM's azimuthal wave vector. The work was analyzed in a Line-of-Sight (LoS) channel and the spatial divergence angle of different OAM beams were assumed to be the same.
A plane spiral OAM (PSOAM) wave is a newly proposed OAM carrying wave which propagates along the transverse plane [10] . Hence it overcomes the divergence inconsistency for different OAM modes and can be easily implemented in the above mentioned OAM-MIMO system [11] . The experimental demonstration of the capacity gain by using PSOAM waves in an MIMO (PSOAM-MIMO) system has been verified in an LOS wireless communication system [12] . Whereas seldom work is done in Non-Line-of-Sight (NLoS) channels. In practical applications, multi-path propagations due to reflection, diffraction or scattering are complicated and unavoidable. Thus the study of the PSOAM-MIMO systems in an NLOS channel is essential and urgent so as to widen its applications in wireless communications.
In this paper, we use the PSOAM wave in the MIMO system and focus on studying its performances in NLoS channels. First, the specular reflection model is applied to analyze the reflection. The effects of system parameters including the reflector location, the transmitting OAM modes, and the antenna spacing on the performance of the PSOAM-MIMO system are investigated. Second, a circular scattering model is applied. The scatterer number and the Rician factor K are studied to evaluate the scattering effects on the capacity improvement of the PSOAM-MIMO system. Although the two models are simple, the obtained results might help to estimate the performances of the PSOAM-MIMO system in NLoS channels and design an optimal PSOAM-MIMO system. 
II. SPECULAR REFLECTION EFFECTS
A. SPECULAR REFLECTION MODEL Fig.1 shows the configuration of a PSOAM-MIMO system in a specular reflection model. It has two ULAs which consist of four PSOAM antennas with states of l 1 , l 2 , l 3 , and l 4 at the transmitting end, and four dipole antennas at the receiving end. The antenna spacing ξ for the two ULAs is set to be the same. The distance between the transmitter and the receiver is D. An ideal specular reflector perpendicular to the ULAs is placed h away from the last transmitting PSOAM antenna.
For this specular reflection model, besides the direct path describing an LoS channel, there exists a reflected path describing an NLoS channel. According to the image theory, a PSOAM antenna with OAM state l will have a virtual imaging antenna with state −l at the other side of the specular reflector [13] . Thus, the reflected PSOAM waves can be regarded as virtual waves generated by the imaging antennas. Hence, the reflected paths is equivalent to imaging paths from the imaging transmitting PSOAM antennas with the states of −l 1 , −l 2 , −l 3 , −l 4 . The channel transmission matrix can be denoted as,
It is an 8 × 4 matrix whose first 4 rows represent the direct path and last 4 rows the reflected path, respectively. Each element in the matrix can be expressed as,
where β contains all the variables associated with the antenna system configuration, λ is the carrier wavelength, 
Here d i,j is the distance between the ith transmitting antenna and the jth receiving antenna. When the channel transmission matrixes H OAM NLOS and H MIMO NLOS are known, channel capacities C i NLOS (i = OAM , MIMO) in NLoS channels can be evaluated by performing singular value decomposition (SVD). The positive singular values δ 1 , δ 2 , . . . , δ γ of the transmission matrix are obtained in decreasing order after SVD processing. Then, the corresponding capacity for the two systems can be described as
Here, the total power is distributed to the available channels by the water-filling algorithm. For comparison, the capacity gains of PSOAM-MIMO over conventional MIMO system in NLoS and LoS channels are defined as,
Similarly, the capacity gains of NLoS over LoS in these two systems are defined as,
Using the defined capacity gains, the effects of system parameters including the transmitting OAM modes, the reflector distance h, and the antenna spacing ξ are investigated in order to optimize such PSOAM-MIMO systems.
B. TRANSMITTING OAM MODES
In PSOAM-MIMO system, the transmitting OAM modes are supposed to be distributed evenly with an increasing or decreasing order L. The OAM mode describe the spatial phase distribution, and we use this diversity of OAM carrying wave to enhance the capacity, hence the transmitting PSOAM modes are firstly studied. Clearly, the capacity gain G NLOS is higher than unit for all the transmitting OAM modes with an increasing order L > 0, suggesting that this kind of PSOAM-MIMO is better than the conventional MIMO system. Moreover, the larger L is, the higher capacity gain is. These similar results were claimed in the LoS channel [9] , and explained by the equivalent MIMO model of the PSOAM-MIMO system, as shown in Fig.3 . The transmitting PSOAM antennas and receiving dipole antennas are denoted by black dots and black crosses, respectively. The azimuthal wave-vectors k φ of the OAM carrying waves are represented by the red arrows for transmitting OAM modes of {−15, −5, 5, 15} and blue arrows for {15, 5, −5, −15}. Owing to the extra phase provided by the helical phase front of lφ, the radiation of the OAM antenna can be viewed as from the non-OAM antenna at the sites represented by red crosse or blue triangle. Thus the PSOAM-MIMO system can be regarded as the equivalent MIMO system with increased or decreased antenna spacing. Quantatively, the equivalent antenna spacing for the evenly distributed OAM modes with the mode interval L is ξ equivalent = |ξ + L · λ/2π |. If L > 0, the antenna spacing of the equivalent MIMO system is increased, and hence capacity gain G LOS > 1. The larger L is, the wider the antenna spacing is, and thus the larger G LOS is. For L < 0, things are a bit complicated. If the absolute value is small, the equivalent antenna spacing ξ equivalent = |ξ − | L| · λ/2π | < ξ , the antenna spacing is decreased in the equivalent model, as the case of the blue triangles in Fig.3 , hence the capacity of the PSOAM-MIMO system is lower than that of MIMO. However, if the absolute value of L is larger, the equivalent antenna spacing ξ equivalent will be larger than ξ , the capacity gain will increase. In the specular reflector model, the mode interval of the imaging antennas is equal to that of the real transmitting antennas, and will have the same trends for the capacity gain. This explains the reason why L = −70 in Fig.2 , the capacity gain G NLOS > 1, while L = −10 and −20, the capacity gain G NLOS < 1. It is concluded that the transmitting OAM modes have the same effect on the capacity gain in NLoS as in LoS channel. By selecting proper transmitting OAM modes, the performance of PSOAM system can also be superior to a conventional MIMO system in an NLoS channel.
C. REFLECTOR DISTANCE
From Fig.2 , it can also be seen that the capacity gain GNLOS is small when the reflector is close to the ULA. It verifies VOLUME 5, 2017 that the capacity improvement of a PSOAM-MIMO system originates from the phase diversity provided by different OAM waves. This diversity will be counterbalanced by the specular reflection effect, hence the capacity gain G NLOS is small. When the reflector is far away, the reflection effect decreases and G NLOS increases accordingly. In addition, when the reflector is far enough, G NLOS is saturated. It is reasonable as the signal power from the reflected path is too weak and can be neglected, the system in this case is much like in an LoS environment. Thus G NLOS is independent of the reflector distance h. 
D. THE FIRST TRANSMITTING OAM MODE
To take full advantage of PSOAM-MIMO systems, the transmitting OAM waves with large mode interval L are needed. Currently, it is not very easy to generate high order PSOAM waves, hence the performances of PSOAM-MIMO with fixed L but varied first OAM mode for the transmitting OAM modes are studied. Fig.4 shows the G NLOS comparisons of three PSOAM-MIMO systems with fixed L = 10.
Figs. 4a-c are the case of the transmission distance D = 300λ, and antenna spacing ξ = 3λ, 5λ, and 7λ, respectively. Fig. 3d is the case of D = 600λ and ξ = 3λ. It can be seen that the capacity gains G NLOS do exist for all the three systems in all the cases since the OAM interval L is positive. Moreover, for all the three systems with the same L but different l 1 , when the reflector is far enough, G NLOS will converge to a same value which depends on the state interval L, the antenna spacing ξ and transmitting distance D, but not the first transmitting OAM mode l 1 , suggesting that capacity gain G NLOS is mainly determined by the direct path. When the reflector is not far enough, the overall capacity gain is determined by all the concerning factors. At certain reflector distances, though same L is, the capacity gain can be optimized to some extent by choosing a proper OAM mode l 1 , as shown in Figs. 4a-d. Fig. 5 shows the effect of antenna spacing ξ on the capacity gain of PSOAM-MIMO over MIMO system in both LoS and NLoS channels. The transmission distance D = 300λ and the reflector distance h equals D. It is said that the capacity gain in an LoS channel is more significant when antenna spacing is small [9] . However this trend is a bit indistinct in the NLoS channel where there may be more factors to compromise the diversity of OAM waves. In the reflection model, the capacity gain will also be affected by the reflector and transmission distance. However, when ξ < 8λ, the capacity gain G NLOS is greater than unit, which means that the performances of PSOAM-MIMO are better than that in MIMO system in both NLoS and LoS channels. The smaller antenna spacing will fit the elemental layout for the massive MIMO system, hence the obtained results shows that the PSOAM-MIMO system is a good candidate in constructing the massive MIMO systems.
E. ELEMENT SPACE ξ

F. COMPARISON BETWEEN NLOS AND LOS CHANNEL
The capacity comparison between the PSOAM-MIMO and conventional MIMO systems in both NLoS and LoS channels are thoroughly assessed. The transmitting OAM modes of PSOAM-MIMO system is {−15, −5, 5, 15} with L = 10. The reflector distance h in NLoS channel is 300λ. Fig. 6a shows the capacity gains of G PSOAM and G MIMO at different transmission distance. Owing to the additional power provided by the imaging transmitting antennas and the multipath richness effect, the absolute capacity in NLoS channel is greater than that in LoS for both PSOAM-MIMO and MIMO systems, hence both G PSOAM and G MIMO are greater than 1. However, as the reflection effect degrades the diversity provided by different PSOAM waves, G PSOAM is a bit smaller than G MIMO . Fig.6b compares the capacity gain of G NLoS and G LoS for the two systems at different transmission distance. The capacity of the PSOAM-MIMO system can be superior to the conventional MIMO systems at a relatively long transmission distance in the both channels, and the capacity gain is mainly determined by the direct path. When the transmission distance is long enough, the superiority of PSOAM-MIMO system in the NLoS channel decreases gradually, but the performances won't be worse than the conventional MIMO systems. These results strongly confirm the advantage of using PSOAM waves in MIMO systems, as they demonstrate the capacity gain great than 1 in both the LoS and NLoS channels.
III. SCATTERING EFFECTS
It is much hard to predict the effect of scattering since scatterers are usually located randomly. Without the loss of generality, a simple circular scattering model is performed to simulate the multiple-scatters environment [14] .
A. CIRCULAR SCATTERING MODEL Fig. 7 shows the system configuration of the circular scattering model. The PSOAM-MIMO system is also composed of two ULAs which are four PSOAM antennas with states of l 1 , l 2 , l 3 , and l 4 at transmitting end and four dipole antennas at receiving end. The distance between the transmitter and the receiver is D. A number of point scatterers are placed on a Different from the specular reflection model in which the PSOAM wave will have a 180 • phase shift, the phase shift caused by a point scatterer is random. Assume that the PSOAM wave is scattered only once by each point scatter and has a random phase shift; hence the received signal consists of the waves from the direct path and waves scattered from each point scatter. Such a Rician fading channel can be described by the Rician factor K , which is the ratio between the power from the direct path and the power from the scattering path. K = 0 represents the Rayleigh fading channel (severe fading), and K = ∞ is the LoS channel (no fading). The channel matrix of the circular scatter model can be denoted as,
Once the channel matrix of this circular scatter model is obtained, the channel capacity in the scattering environment can be evaluated using the SVD method. The antenna spacing for each ULA is ξ = 5λ. When the scatterer number is small, the channel capacity depends more on the received signal-to-noise ratio (SNR). Thus, the LoS channel (K = ∞) has the highest capacity. With the help of the multi-path richness, the capacity increases with the scatterer number. The larger K is, the smaller the capacity is; hence the NLoS channel has the highest capacity. When the scatter number reaches a threshold, the capacity tends to saturate with the increase of the scatter number. Fig. 9a shows the capacity gain of the PSOAM-MIMO over MIMO using the transmitting OAM antennas with different state interval L when the Rician factor K varies. Similar to that in the LoS channel and the specular reflection model, the state interval L has an important influence on the capacity gain. When K is small, representing in an NLoSdominated channel, the capacity of PSOAM-MIMO system is nearly the same as that of the conventional MIMO system for any L. However, owing to the rich multi-path effect caused by the NLoS channel, the absolute capacity increases when the Rician factor K decreases, which can be clearly seen in Fig. 9b . Hence, although the capacity gain almost disappears in the severe fading channel, the PSOAM-MIMO system still has an excellent performance as the MIMO system does. Whereas with the increasing of Rician factor K , i.e. the channel is much more like the LoS-dominated channel, the capacity gain increases when the transmitting OAM antennas are chosen with an increasing order L > 0. The larger L is, the higher the capacity gain, and vice versa. These results prove again that the advantage of the PSOAM-MIMO over MIMO is mainly determined by the LoS channel.
C. RICIAN FACTOR K
Figs. 10a and b show the capacity against the transmission distance at K = 0 dB and 10 dB, respectively. With the increasing transmission distance, the diversity of the PSOAM wave decreases due to the limited antenna spacing, hence the capacity of PSOAM-MIMO over MIMO decreases gradually in both the cases. For K = 0 dB where the power of the direct path equals that of the scattering path, though small the capacity gain is, the absolute capacity is still high even when the transmission distance is long. For K = 10 dB where the power of the direct path is 10 times that of the scattering path, the capacity gain is higher than that of K = 0 dB, the absolute capacity decreases rapidly when the transmitting distance increases.
IV. CONCLUSION
The multi-path effects on the channel capacity of a PSOAM-MIMO system has been studied. Owing to the larger diversity provided by the OAM carrying waves, a PSOAM-MIMO system is capable of achieving a higher capacity than the conventional MIMO system in an LoS channel. While in an NLoS channel, although multi-path richness will counterbalance the spatial difference in PSOAM-MIMO system, the capacity gain of PSOAM-MIMO over MIMO decreases, but still exists. Moreover, both the PSOAM-MIMO and MIMO systems have achieved the better performances in the multipath environments compared with the LoS channel. This work has verified the strong robustness of the PSOAM-MIMO systems and revealed that OAM waves are complementary with MIMO technology in both the LoS and NLoS environments.
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